Summer mortality is an important economic concern for the Pacific oyster, Crassostrea gigas, industry all over the world and particularly in France. Outbreaks appear when oysters are in gonadal maturation. Bivalve defence mechanisms against pathogen invasion are assumed by circulating cells, the hemocytes. A field experiment was conducted in the Marennes-Oleron Basin (Charente-Maritime, France) in order to monitor hemocyte parameters, gametogenesis and mortality rates among C. gigas during 7 months from March to September 2002. Diploid (from natural bed and from hatchery) and triploid oysters were placed at 15 cm or 70 cm above sediment at Marennes-Oleron Basin. Triploid animals were included because they are considered as sterile animals. Mortality rates were monitored and lipid contents were analysed in order to define sexual maturation stages. Hemocyte parameters (cell mortality, enzymatic activities and phagocytosis) for the three oyster groups were monitored by flow cytometry. Results were analysed by pooling data for the whole sampling period and by separating data in three periods related to the gametogenesis process (A, B and C). Mortality outbreak occurred during the ripe gamete period (B). Results showed that triploids presented the highest values for several hemocyte parameters and the lowest mortality rates. Differences between triploids and diploids were highest during the ripe gamete period. Relationships between oyster mortality, gonadal maturation and hemocyte parameters are discussed. This is the first study monitoring hemocyte parameters of wild diploid, hatchery bred diploid and triploid oysters reared in the field.
Introduction
Important mortality outbreaks have been reported in Crassostrea gigas populations since the 1940s in Japan in different locations (Koganezawa, 1974) , on the west coast of North America (Glude, 1974; Cheney et al., 2000) , and on the French coasts since 15 years (Renault et al., 1994; Goulletquer et al., 1998; Soletchnik et al., 1999) . The syndrome is known as summer mortality. As worldwide bivalve production is mainly based on the Pacific oyster, summer mortality appears as a major concern for the shellfish industry (Mori, 1979; Perdue et al., 1981; Beattie, 1988) . Factors such as food limitation, oxygen depletion, salinity and temperature do not appear as single direct causes of the syndrome . Moreover, outbreaks occur during oyster gametogenesis. Some authors suggest that mortalities occurring in Pacific oysters are the result of multiple factors, including elevated temperatures, physiological stress associated with gonadal maturation, aquaculture practices, pathogens, and pollutants . Therefore, it can be assumed that the background rate of mortality due to environmental conditions, and the physiological and genetic origin of the oysters, can be modified by infectious agents. As many filter-feeding benthic invertebrates, oysters are permanently exposed to various micro-organisms. Efficient humoral and cellular defence mechanisms normally help to limit the proliferation of micro-organisms in animals (Harris-Young et al., 1995; Cheng, 1996) . Stress and disease outbreaks appear to be linked in molluscs (Friedman et al., 1999; Lacoste et al., 2001b) . In vitro investigations reveal that noradrenaline, the main catecholamine released in oyster hemolymph during stress exerts an inhibitory effect on immune functions such as phagocytosis and reactive oxygen species production (Lacoste et al., 2001a; Lacoste et al., 2002) . As a consequence, possible relationships between environmental factors, physiological state of oysters, immune system and pathogens need further investigations. Since 1996, summer mortality of Pacific oyster, C. gigas, has been studied in the south of MarennesOleron Bay (Charente-Maritime, France) (Lodato, 1997) . Mortality of oysters reared near the sediment was significantly higher than mortality of oysters reared on racks (Soletchnik et al., 1999) . Previous studies also showed allocation of energy to reproduction, and gain in shell and somatic tissue weight, to be lower near the sediment than on racks at 50 cm or 70 cm above the sea bed Soletchnik et al., 1999; Soletchnik et al., 2003) . The Pacific oyster, C. gigas, possesses an open circulatory system (Cheng, 1981) . Internal defence mechanisms of bivalves involve circulating blood cells, the hemocytes. These cells are considered to be the equivalent of vertebrate phagocytic cells because of their morphology and functions. Hemocytes are involved in the recognition of invading pathogens and in their elimination by phagocytosis and encapsulation (Cheng, 1981; Fisher, 1986) . Hemocyte activities have already been used for monitoring oyster immune capacities. Moreover, hemocyte parameter values can depend on oyster physiological status including sexual maturation.
Pacific oysters, C. gigas, are among the most widely cultured of all shellfish species. To help meet demand, advantages of increased sterility are currently being exploited during commercial growing of triploid C. gigas . Triploidy may be induced in shellfish by chemical or physical treatment which retain a polar body during early division of the egg, with the result that each cell nucleus contains one additional set of chromosomes (Beaumont, Fairbrother, 1991) . Triploids can also be produced by crossing tetraploid males and diploid females (Nell, 2002) . Triploidy is now widely used to obtain faster growth than diploids in shellfish. Gametogenesis is reduced in these animals. Triploid oysters invest less energy in gamete production, so more energy is available for somatic growth (Nell, 2002) . Heterozygosity is higher, which could have positive influences on feeding rate, absorption efficiency and growth efficiency . Metabolic energy costs are lower than diploids, rendering triploids more resistant to stressful conditions (Garnier-Gere et al., 2002) . However, difference in survival between triploids and diploids has been controversial. As a part of a multiyear French research programme on summer mortalities in C. gigas oysters called MOREST, a focal study has been conducted on diploid and triploid oysters reared at two heights above sediment in Marennes-Oleron bay (Charente-Maritime, France). Mortality rates were daily monitored and lipid contents analysed in order to define sexual maturation stages. Hemocyte parameters including granulocyte percentage, phagocytosis, percentages of cells possessing hydrolytic enzymes (esterases, peroxidases) were investigated using flow cytometry. This method appears well suited to morphological and functional characterisation of oyster hemocytes Xue et al., 2001) . These parameters are usually monitored in studies on bivalve hemocytes (Cheng et al., 1978; Beckmann et al., 1992; Carballal et al., 1997) . Daily mortality was also monitored on all oyster groups. Lipid contents were also measured for all oyster groups and their analysis allowed to define sexual maturation status.
In the present paper, we have analysed the possibility that environmental conditions and physiological state of the oysters may alter hemocyte functions, rendering the oysters more susceptible to infectious agents. Relationships between maturation stages and hemocyte parameters in three oyster groups (triploids, diploids from natural bed and hatchery diploids) and rearing levels above the sea bed were studied. Results were analysed firstly by pooling all data for the whole sampling period, and secondly by separating data in three periods related to the gametogenesis process. The aim of this study was to identify possible relationships between gonadal maturation, oyster group, rearing level, hemocyte parameters and oyster mortality.
Material and Methods

Experimental set
The three groups of oysters : diploid oysters (D), and hatchery diploid (Dh) and triploid (T) oysters. D were 2.5 year-old wild oysters from Marennes-Oleron Bay (French Atlantic coast). Dh were hatchery reared oysters from experimental hatchery of IFREMER (La Tremblade Charente Maritime, France). Triploid oysters (T) were produced by crossing tetraploid males and diploid females from a private hatchery. Oysters were grown in the south of the Marennes-Oleron Bay in bags placed on tables. Oyster were reared on "off bottom" culture racks, 15 cm (L1) and 70 cm (L2) above the sea bed from March to September 2002. Sampling dates were : May 14 and 28 ; June 6, 12, 20 and 26 ; July 3, 25 ; August 8, 21 and September 11. Seawater temperature was recorded by "YSI" probe in 15-min steps from March to September 2002.
Oyster mortality
Oysters were deployed in mesh bags, at a starting density of 200 per bag, placed on iron racks. Live and dead oysters were counted at each sampling date in three bags per condition. Dead oysters were removed from bags. Percentage of mortality between each sampling date was afterwards transformed in daily rate by dividing per the number of days.
Lipid content analysis
Measurement of lipid content was carried out on the same animals used for hemocyte collection. Biochemical analysis of tissues was carried out on each batch in 3 replicated pools of 10 oysters for each level (L1 and L2) and oyster group (D, Dh and T). Lipids were extracted and purified according to a protocol previously described (Bligh, Dyer, 1959) and the analytical procedure was from Marsh and Weinstein (Marsh, Weinstein, 1966) . Spectrophotometric analysis was conducted on an aliquot of ground tissues of each pool. Results are expressed in mg of lipids per gram of dry tissues. Dry tissues lipids have previously been shown to indicate the maturation level at the different sampling dates (Deslous-Paoli et al., 1981; Soletchnik et al., 1999; Soletchnik et al., 2002) . Maturation stages refer to a relative scale previously defined corresponding to gametogenesis in progress, ripe stage and postspawning stage (Soletchnik et al., 1997) .
Circulating hemocyte collection
After removing the shell by severing the adductor muscle, hemolymph was withdrawn directly from the pericardial cavity by puncture with a 1 mL syringe equipped with a needle (0.9 5 25 mm). For each oyster, 0.5 mL of hemolymph was withdrawn without any buffer. Hemolymph samples were conserved on ice during collection to prevent hemocyte aggregation (25). For each group (TL1, DL1, DhL1, TL2, DL2 and DhL2), thirty oysters were sampled at each date. The samples were combined into three pools of 10 oysters each to reduce inter-individual variation and to provide sufficient hemocytes to fulfil assay requirements.
Cell analysis by flow cytometry
Hemocytes were analysed with an EPICS XL 4 flow cytometer (Beckman Coulter) after hemocyte collection using previously described protocols Auffret et al., 2002) . For each hemocyte pool, 3 000 events were counted. Results were depicted as cell cytograms indicating the relative size (FSC value), the granularity (SSC value) and the fluorescence channel(s) corresponded to the marker used. Presence of enzymes and phagocytosis were measured using FL1 (green fluorescence) and cell mortality using FL3 (red fluorescence).
Esterase and peroxidase activities were evaluated using commercial kits (Cell Probe TM Reagents, Beckman Coulter). Percentages of cells presenting enzymatic activities were defined on the basis of fluorescent cells among all cells. Each analysis required 200 µL of hemolymph and 20 µL of the corresponding kit reagent (FDA (Fluorescein Diacetate)•Esterase and DFCH (Dichlorofluorescein Diacetate), PMA (Phorbol-12-Myristate-13-Acetate)•Oxidative Burst). Hemocytes were then incubated in the dark at ambient temperature for 15 minutes for esterase and peroxidase detection. Hemocyte mortality (Hm) was quantified using 200 µL of hemolymph. Hemocytes were incubated in the dark for 30 minutes at 4 °C with 10 µL of propidium iodide (PI, 1.0 mg.mL -1 , Interchim). Morphological characteristics of hemocytes were also recorded: gates were realised on the SSC/FSC plot on the most granular and largest cells in order to determine a granulocyte population. Phagocytosis was measured in vitro as the proportion of cells that had ingested three or more fluorescent beads. Two hundred µL of hemolymph were incubated for one hour in the dark at ambient temperature with 10 µL of a 1/10 dilution of Fluorospheres ® carboxylate-modified microspheres (diameter 1 µm, Interchim). The final concentration of beads was 10 8 beads.mL -1 .
Statistical analysis
Statistical multi-way analysis of variance, Least Significant Differences (LSD) post hoc test were realised using Statgraphics version 5.1 software. Hemocyte parameters and cumulated mortalities were converted into r angular arc sinus √ (value) before analysis. However, figures were realised using non-transformed percentage values.
Results
Oyster mortality
A daily mortality rate, ranging from 2 % to 5 %, occurred in the two groups of diploid oysters at L1 level between June 21-26 (Figure 1 ). Daily mortality of diploid oysters did not exceed 0.5% at L2. Mortality occurred after temperature had reached 18-19°C for a few days. After a 7 month rearing period (March to September 2002), the highest cumulative mortality, 36.2 % and 43.8 %, affected the DL1 and DhL1 groups, respectively (Figure 2 ). Significant differences were reported between L2 and L1 cumulative mortality for each oyster population: 21.5 % at L2 and 36.2 % at L1 for wild diploids, 14.3 % at L2 and 43.8 % at L1 for hatchery diploids, and 6.5 % at L2 and 11.3 % at L1 for triploids ( Figure  2 ). Whatever the rearing levels, cumulative mortality in triploid oysters was significantly lower (Figure  2 ).
Lipid content and definition of maturation stages
From (Figure 3 ). The evolution of lipid contents was directly related to maturation stage, with a maximal value just before spawning. Values for triploid oysters remained about 100 mg g -1 (Figure 3c ).
Hemocyte parameters : effect of sites and oyster groups
The first analysis was realised on the whole data, in order to study a potential difference between oyster groups or an effect of rearing level on the basis of hemocyte parameters. Two-way analysis of variance of each parameter was carried out. Thirty-three values were available for each hemocyte parameter. Results showed no effect of level (p>0.05) for any of the hemocyte parameters ( Figure 4 , Table 1 ). On the contrary, some parameters varied significantly among the three oyster groups. Phagocytosis values were significantly higher for triploids than for diploids (p<0.0001) (Figure 4a , Table 1 (Figure 4c , Table 1 ). Percentages of cells presenting an esterase activity and the granulocyte percentage were also significantly higher for triploids than for diploids (p<0.05) ( Figures  1b, 1d , Table 1 ). Cell mortality permitted differentiation between triploid and diploid groups (T<D=Dh, Figure 4f ). However, this result was not significant (p<0.1).
Relationships between hemocyte activities and gonadal maturation, oyster groups or rearing levels
The multi-way analysis of variance of hemocyte activities versus levels (L1 and L2), oyster groups (D, Dh and T) and maturation stages (A, B and C, Figures 1 and 3 ) demonstrated a major effect of maturation. All the hemocyte activities showed lowest values during period A compared to B or C periods (Table 2 , p<0.001). "Oyster group" had a significant effect on phagocytosis, esterase and peroxidase activities and granulocyte percentage (Table 2, p < 0.01). Highest hemocyte activities were reported in triploid oysters. The rearing level had an effect only on esterase activity: values were significantly higher at L1 (Table 2 , p < 0.05). Phagocytosis values were maximal for triploid oysters during the A and B periods (21.3 % and 48.1 %, respectively) ( Figure 5a , Table 2 ). Phagocytosis values for natural bed diploids were 13.1 % and 24.7 % during the A and B periods and for hatchery diploids 9.0% and 22.0% during the A and B periods, respectively ( Figure 5a , Table 2 ). After spawning, in period C, triploids and diploids presented similar values of phagocytosis. The highest percentages of peroxidase and esterase positive cells were recorded for triploids in period A and B (Figures 2c and 2e , Table 2 ). Triploids presented the highest percentages of granulocytes during the three periods (A, B and C), with a maximum value (21.7%) in period C (Figure 5b , Table 2 ).
Values were not statistically different between triploids and diploids for hemocyte mortality, but were lower for triploids in periods A and B (10.9 % and 13.4 %, Figure 5d , Table 2 ) than for hatchery diploids in period B (32. %, Figure 5d , Table 2 ). Hatchery diploids presented the lowest activities for hemocyte parameters during period A and period C: phagocytosis activity ( Figure 5a , Table 2 ), percentage of peroxidase, esterase positive cells (Figures 2c, 2e and 2f, Table 2 ), and percentage of granulocytes ( Figure 5b , Table 2 ). Hatchery diploids also presented the lowest activities for two parameters in period B: the lowest phagocytosis activity (Figure 5a , Table 2 ) and percentage of peroxidase positive cells ( Figure 5c , Table 2 ).
Discussion
Field studies on summer mortality of C. gigas have been conducted in France for several years (Lodato, 1997; Goulletquer et al., 1998; Soletchnik et al., 1999; Soletchnik et al., 2003; Soletchnik et al., 2005) . A mortality model comparing "on" and "off" bottom culture has been developed (Soletchnik et al., 2005) . This model demonstrated an effect of proximity to sediment on oyster survival, called "sediment effect". This result was confirmed in the present experiment. Mortality of diploid oysters from natural bed was higher at rearing level L1 (15 cm) than at L2 (70 cm) (36.2 % cumulative mortality versus 21.5 % after a six-month grow-out period). Mortality of wild diploid oysters was also nearly doubled in 1997 on the same site, with 8-19% and 23-33%, for L2 and L1, respectively (Soletchnik et al., 1999) . Mortality rates for "off" and "on" bottom culture were 8-15% and 40-50% in 2000 and 10% and 28% in 2001, respectively (Soletchnik et al., 1997) . In 2000 and 2001, mortality outbreaks occurred in June after an increase of seawater temperature above 19°C. Other studies conducted in USA reported mortality outbreaks during the same period (June and July) (Perdue et al., 1981; Cheney et al., 2000) . In the present study, hatchery diploids presented the highest cumulative mortality at L1. Moreover, cumulative mortality was as in wild diploids higher at L1 than at L2 (43.8 % and 14.3 %, respectively). Triploids presented the lowest mortality rates, but cumulative mortality was also statistically different between L1 and L2 (11.3 % and 6.5 %, respectively). This is the first field study in France including diploid and triploid oysters from hatchery. In this "on-off" bottom model, the rearing level allows to explain partly mortality outbreaks: cumulative mortality was higher at L1 than at L2 for the three oyster populations. A study on the Sydney rock oyster, Saccostrea glomerata, reported a higher mortality at low height compared to high height (Smith et al., 2000) .
In this study, we also measured oyster lipid contents in order to define different stages of sexual maturation. This technique has already been use before (Deslous-Paoli et al., 1981; Soletchnik et al., 1999; Soletchnik et al., 2002) . Diploids presented the highest mortality rates and mortalities were observed during the ripe gamete period (B). As recorded by other authors (Imai et al., 1965; Perdue et al., 1981) , mortality occured during gametogenesis. On the contrary, the lowest mortality rates were reported for triploid oysters, presenting low lipid contents. Another study on Hiroshima Bay also reported low mortality rates for C. gigas triploids (Akashige, Fushimi, 1992) . A study on C. gigas in Australia also reported lower mortality of triploids compared to diploids (Nell, Perkins, 2005) . Another study on the Sydney rock oyster, Saccostrea glomerata, reported a higher survival rate for triploids than diploids (Hand et al., 1998) . However, on this same oyster, another study reported no difference of mortality between triploids and diploids (Smith et al., 2000) . Other studies in USA always reported a mortality rate twice higher for triploids compared to diploids Cheney et al., 2000; Cheney et al., 2004) .
A major aim of this study was also to monitor certain hemocyte parameters in oysters placed in the field over a long period. Our results underscore the utility of flow cytometry in monitoring hemocyte functions in oysters (Goedken, De Guise, 2004) . To our knowledge this is the first study evaluating hemocyte activities in triploid oysters reared in the field. The analysis of the whole data (without separation by periods on the basis of sexual maturation) showed that triploid oysters presented statistically higher hemocyte activities than diploid oysters from hatchery and from natural bed for several parameters (phagocytosis, esterase and peroxidase activities and granulocyte percentages). When analysing the data by periods related to the gametogenesis status (A, B and C), statistically significant differences for the same hemocyte parameters were reported between diploids (low values) and triploids (high values). Moreover, the highest differences for esterase and phagocytosis activities were reported between animals presenting the lowest mortality (triploids) and animals presenting the highest mortality (diploids) during period B (ripe gamete period) where mortality events were reported. We can therefore hypothesize that gametogenesis process makes diploid oysters more susceptible to several factors and then lead to mortality. The principal characteristic of triploid oysters was the absence of sexual maturation during Spring and Summer 2002. During the ripe gamete period (B), triploid oysters presented no gamete development. We can assume that during the ripe gamete period B, diploid oysters allocated energy to gamete production, and on that account, a minimum of energy was allocated to the defence system. Triploids do not use energy in gamete synthesis and so may allocate energy for other processes including hemocyte activities and defence mechanisms. A previous study reported a decrease of the activity of complement and the number of lymphocytes during sexual maturation of the sockeye salmon, Oncorhynchus nerka (Alcorn et al., 2002) . Sexual maturation is a sensitive period and physiological activities such as defence mechanisms can be disrupted. Peroxidase activities allowed differentiation between diploids from hatchery and from natural bed, with lowest values for hatchery diploids (Dh<D). Moreover, esterase activity was higher at L1 level, where highest mortality were reported for both diploid populations. This difference appeared only when data for the three gonadal maturation periods (A, B and C) were analysed separately. We may assume that at L1, bacterial biomass related to turbidity is more important (Lodato, 1997) . The environment at the lower level (15 cm) induced a greater stimulation of the immune system.
Hemocyte parameters monitored in this study allowed differentiation between oysters presenting high mortality (diploids: from 14.3 % to 43.8 % of cumulative mortality) and low mortality (triploids: 6.5 % and 11.3 % of cumulative mortality). However, only one parameter allowed differentiation between both diploid populations and only one parameter allowed to differentiate both levels, although mortality was higher at L1. As hemocyte parameters are different between triploids and diploids, we can hypothesize that abnormal mortalities account for more than 12 % of cumulative mortality. Beyond this threshold, oysters presenting different percentages of cumulative mortality can not be differentiated on the basis of the hemocyte parameters monitored. We can therefore hypothesize that only abnormal mortality, and not genetic origin or rearing level, explains values obtained for hemocyte parameters.
However, the factors implicated in C. gigas mortality are not identified yet. Some authors hypothesised the impact of physico-chemical factors in seawater (Cheney et al., 2000) , toxicity of sediment, presence of pollutants, the role of bacterial infections (Lacoste et al., 2001b; Le Roux et al., 2002; Waechter et al., 2002) , and herpesviral infections following temperature elevation (Renault et al., 1994; Renault et al., 1995) . However, no difference has been found in the resistance of triploid or diploid C. virginica (Gmelin) oysters to infection by MSX (Haplosporidium nelsoni) or Perkinsus marinus (Meyers et al., 1991; Matthiessen, Davis, 1992) . Further experiments should be conducted in order to test the susceptibility of triploids to different micro-organisms and to demonstrate that higher values of hemocyte parameters correspond to lower susceptibility to infectious diseases. Table 1 . Multi way analysis of variance of hemocyte parameters versus "level" (L1 = 15 cm and L2 = 70 cm) and "group" (D = diploids from natural bed, Dh = hatchery diploids and T = triploids). Significant effects are reported at 5% (*), 1% (**) and 1‰ (***) probability level. NS = no significant difference. Related LSD (Least Significant Difference) post hoc tests are reported. Table 2 . Multi way analysis of variance of hemocyte parameters versus "level" (L1 = 15 cm and L2 = 70 cm), "group" (D = diploids from natural bed, Dh = hatchery diploids and T = triploids), and maturation stage (gametogenesis = A, ripe gametes = B, post spawning = C). Significant effects are reported at 5% (*), 1% (**) and 1‰ (***) probability level. NS = no significant difference. 
Hemocytes activities
